Accumulation of the synaptic protein ␣-synuclein (␣-syn) is a hallmark of Parkinson's disease (PD) and Lewy body disease (LBD),
Introduction
Alzheimer's (AD) and Parkinson's (PD) diseases are the leading causes of dementia and movement disorders in the aging population. The spectrum of disorders where AD and PD overlap is called Lewy body disease (LBD) (Kosaka et al., 1984; Hansen and Galasko, 1992; McKeith, 2000) . The major component of the Lewy bodies, the hallmark of LBD, is ␣-synuclein (␣-syn) (Wakabayashi et al., 1997; Takeda et al., 1998; Trojanowski and Lee, 1998) , a major synaptic protein (Iwai et al., 1995) involved in vesicular release (Murphy et al., 2000) .
Progressive accumulation of aggregated ␣-syn has been implicated in neurological disorders with parkinsonism, including PD (Polymeropoulos et al., 1997) , LBD (Spillantini et al., 1997) , and multiple systems atrophy (Wakabayashi et al., 1998) . ␣-syn is a natively unfolded protein with little tertiary structure (Weinreb et al., 1996) . In its pathologic state it is folded to allow the formation of dimer and higher-order toxic oligomer species Tsigelny et al., 2007) . It is these states that proceed to accumulation within neurons and lead to dysfunction and neuronal degeneration .
Overexpression, misfolding, or decreased degradation are all pathways that may lead to the accumulation of ␣-syn in neurons. One pathway of protein degradation in cells is by autophagic targeting to the lysosome (Mariño and Ló pez-Otín, 2004 ). This pathway is divided into chaperone-mediated autophagy (CMA), macroautophagy, and microautophagy (Cuervo, 2004) . The macroautophagy pathway (hereafter referred to as autophagy) is involved in nutrient starvation as well as functioning in the degradation of long-lived proteins and organelles. Autophagy of protein and organelles is initiated by one of three pathways: (1) direct involvement of mTor (mammalian Target of Rapamycin), (2) indirect involvement of mTor with Atg1, or (3) VPS34-beclin 1 complex (for review, see Mariño and Ló pez-Otín, 2004) .
Recent evidence suggests that dysfunction in the autophagy pathway is common in numerous neurodegenerative diseases (Ravikumar et al., 2004; Nixon et al., 2005; Sarkar et al., 2007; Pan et al., 2008) , including AD, PD/LBD, and Huntington's disease (HD). In PD/LBD, ␣-syn accumulation has been linked to alterations in chaperone-mediated autophagy and lysosomal functioning Martinez-Vicente et al., 2008; Xilouri et al., 2009) . Clearly the autophagy pathway is disrupted in patients and animal models that involve accumulation of ␣-syn, and induction of this pathway can be used to reduce levels of ␣-syn in neurons. For example, in a previous study we showed that activation of autophagy via immunotherapy might contribute to ␣-syn clearance in neurons (Masliah et al., 2005) .
In patients with AD, beclin 1 has been linked with alterations in A␤ clearance (Pickford et al., 2008) . Beclin 1 is a coiled-coil, 60 kDa protein that is analogous to the yeast autophagy protein Apg6 (Liang et al., 1998 (Liang et al., , 1999 . Overexpression of beclin 1 reduces apoptosis and increases autophagy (Erlich et al., 2006; Hamacher-Brady et al., 2006) . Recently, we found that lentivirus vector (LV) delivery of beclin 1 into a mouse model of AD (Pickford et al., 2008) ameliorated the neuropathology. To determine whether "jump-starting" the autophagy pathway could reduce ␣-syn accumulation and the associated pathology, we generated an LV expressing the beclin 1 cDNA. The LV-Beclin 1 activated autophagy, reduced the accumulation of ␣-syn, and ameliorated the associated neuritic alterations, thus providing a directed gene therapy approach for the reduction of accumulated ␣-syn without any off-target pathology that may be associated with generalized increase in autophagy.
Materials and Methods
Construction of lentivirus vectors. The mouse beclin 1 cDNA (Open Biosystems) was PCR amplified and cloned into the third-generation self-inactivating lentivirus vector (Naldini et al., 1996) with the cytomegalovirus (CMV) promoter driving expression producing the vector LVBeclin 1. The lentivirus vector expressing the human wild-type ␣-syn has been previously described . Lentiviruses expressing beclin 1, ␣-synuclein (␣-syn), ␤-synuclein (␤-syn), green fluorescent protein (GFP), or empty vector (as controls) were prepared by transient transfection in 293T cells (Naldini et al., 1996; Tiscornia et al., 2006) .
Establishment of a neuronal cell line expressing ␣-syn and Beclin 1. For these experiments we used the rat neuroblastoma cell line B103. This model was selected because overexpression of ␣-syn in these cells results in mitochondrial alterations, reduced cell viability, defective neurite outgrowth, and abnormal accumulation of oligomeric ␣-syn (Takenouchi et al., 2001; Hashimoto and Masliah, 2003) . For all experiments, cells were infected with LVs expressing wt ␣-syn at a multiplicity of infection (MOI) of 40. Cells were coinfected with LV-Beclin 1, GFP, or empty vector (as controls). Additional control experiments were performed in cells infected with LV-␤-syn. After infection, cells were incubated in a humidified, 5% CO 2 atmosphere at 37°C. All experiments were conducted in triplicate to ensure reproducibility.
Immunoblot analysis. Cells were infected with lentivirus vectors for 72 h and then lysed in TNE buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA; all from Sigma-Aldrich) containing 1% Nonidet P-40 (Calbiochem) with protease and phosphatase inhibitor cocktails (Roche). Total cell extracts were centrifuged at 6000 ϫ g for 15 min, and the protein concentration of supernatants was assayed with a BCA protein assay kit (Pierce Biotechnology). For Western blot analysis, 20 g of lysate per lane was loaded into 4 -12% Bis-Tris SDS-PAGE gels and blotted onto polyvinylidene fluoride (PVDF) membranes. Blots were incubated with antibodies against ␣-syn (Millipore Bioscience Research Reagents), beclin 1 (Novus), cathepsin D (DAKO), LAMP2 (Santa Cruz Biotechnology, C-20), Atg5 (Abcam), Atg7 (Abcam), LC3 (Abcam), GFP (Millipore Bioscience Research Reagents), and actin (Millipore Bioscience Research Reagents) followed by secondary antibodies tagged with horseradish peroxidase (Santa Cruz Biotechnology), visualized by enhanced chemiluminescence and analyzed with a Versadoc XL imaging apparatus (Bio-Rad). Analysis of actin levels was used as a loading control.
Analysis of autophagy. The B103 cells were grown as described above and were then plated onto poly-L-lysine-coated glass coverslips at a density of 5 ϫ 10 4 cells per coverslip. Five hours after plating, cells were infected with the LV-␣-syn and/or LV-Beclin 1 at an MOI of 40 and incubated for 48 h. All coverslips were also coinfected with a lentiviral vector expressing LC3-GFP. Most control experiments were performed with cells infected with LV-control and in some cases with LV-␤-syn. To examine the effects on the autophagy pathway, rapamycin (200 nM) or bafilomycin A1 (200 nM) was added to cultures for 6 h or 3 methyladenine (3-MA) (10 mM) (Sigma-Aldrich) was added for 24 h before fixation. Other cultures were washed 2ϫ with serum-free DMEM and then fed either complete media or serum-free media for 12 h before fixation with 4% PFA. Briefly as previously described (Pickford et al., 2008) , coverslips were treated with Prolong Gold antifading reagent with DAPI (Invitrogen) and imaged with the laser-scanning confocal microscope (LSCM, MRC1024, Bio-Rad) to determine the number of GFP-positive granular structures consistent with autophagosomes. In each case, an average of 50 cells were analyzed using the ImageQuant software. Analysis was performed in duplicate with samples blind coded. Further analysis included estimates of the average numbers of LC3-GFP-positive structures below or over 1 m in diameter.
Additional studies were performed in the same neuronal cells infected with LV-␣-syn and/or LV-Beclin 1 and analyzed by Western blot for LC3 protein. The membranes were blocked with PBS with 0.2% Tween 20 (PBST) containing 3% skim milk or bovine serum albumin (BSA), followed by incubation with antibody against LC3 (Abcam). After washing with PBS, the membranes were incubated with secondary antibodies and analyzed with enhanced chemiluminescence (ECL, PerkinElmer) and analyzed with the VersaDoc gel imaging system (Bio-Rad) to determine the ratio of the LCII to actin. Loading values were normalized in the same blots reacted with an antibody against actin.
LDH, TUNEL, caspase 3, and neurite length assays. Cell death was evaluated by the LDH assay as previously described (Langford et al., 2004) . Cells were plated on 96-well plates in complete media. After treatments, assays were then performed following the manufacturer's instructions (Promega). Results were expressed as percentage cell death. We have previously reported that impaired plasticity in this neuronal cell line promoted by accumulation of ␣-syn is associated with reduced neurite outgrowth and adhesion (Takenouchi et al., 2001) . For this purpose, an average of 100 neurons per condition were imaged with phase-contrast microscopy and neurite length estimated with the ImageQuant software in a blinded manner.
Additional neuronal cells infected with LV-␣-syn with or without LVBeclin 1 were plated onto coated coverslips, and after 3 d they were fixed with 4% paraformaldehyde in PBS buffer and assayed with the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (ApopTag In Situ Apoptosis Detection Kit, Millipore Bioscience Research Reagents) or immunostained with an antibody against activated caspase-3 (Cell Signaling Technology) detected with the Tyramide Signal Amplification-Direct (Red) system (NEN Life Sciences) followed by imaging with the confocal laser-scanning microscope. Coverslips were covered with the Prolong Gold antifading reagent with DAPI (Invitrogen).
Real-time analysis of RNA expression. Neuronal cells were infected with LV-␣-syn with or without LV-Beclin 1 at an MOI of 40. Seventy-two hours after infection, total RNA was isolated with the RNeasy Total RNA kit (Qiagen). cDNA was generated with the qScript cDNA synthesis kit (Quanta Biosciences) according to the manufacturer's directions. cDNA was then quantified with the 2ϫ SYBR Green (Quanta Biosciences) with primers specific for ␣-syn (TGT TGG AGG AGC AGT GGT GA). A standard curve was generated from an ␣-syn plasmid.
Immunocytochemical analysis and confocal microscopy. To verify expression levels of ␣-syn and beclin 1 in cells infected with the different LV vectors, neurons were seeded onto poly-L-lysine-coated glass coverslips, grown to 60% confluence, and fixed in 4% PFA for 20 min. Coverslips were pretreated with 0.1% Triton X-100 in TBS for 20 min and then incubated overnight at 4°C with antibodies against human ␣-syn (Millipore Bioscience Research Reagents) and beclin 1 (Novus). The following day, the beclin 1 signal was detected with the FITC-conjugated secondary antibody (Vector Laboratories), and the ␣-syn signal was detected with the Tyramide Signal Amplification-Direct (Red) system (NEN Life Sciences). Control samples included empty vector-(referred hereafter as LV-control) or GFP-infected cells, and immunolabeling in the absence of primary antibodies. Coverslips were mounted with Prolong Gold antifading reagent with DAPI (Invitrogen). Cells were analyzed with a digital epifluorescence microscope (Olympus BX51) to esti-mate the percentage of total cells (DAPI stained) that displayed GFP, ␣-syn, or beclin 1 immunoreactivity.
To verify the coexpression in neuronal cells coinfected with the different LV vectors, coverslips were double labeled with antibodies against ␣-syn (or ␤-syn) (Millipore Bioscience Research Reagents) and beclin 1 (Novus) as previously described . Coverslips were air dried, mounted on slides with anti-fading media (Vectashield, Vector Laboratories), and imaged with a confocal microscope. An average of 50 cells were imaged per condition, and the individual channel images were merged and analyzed with the ImageJ program to estimate the extent of colocalization between ␣-syn and beclin 1.
Transgenic mouse lines and intracerebral injections of lentiviral vectors. For this study, mice overexpressing ␣-synuclein from the plateletderived growth factor ␤ (PDGF-␤) promoter (line D) were used (Masliah et al., 2000; Rockenstein et al., 2002) . This model was selected because mice from this line develop intraneuronal ␣-synuclein aggregates distributed throughout the neocortex and hippocampus similar to what has been described in LBD. A total of 48 h␣-synuclein tg mice from line D (9 months old) were injected with 3 l of the lentiviral preparations (2.5 ϫ 10 7 TU) into the temporal cortex and hippocampus (using a 5 l Hamilton syringe). Briefly, as previously described (Marr et al., 2003) , mice were placed under anesthesia on a Koft stereotaxic apparatus and coordinates (hippocampus: AP Ϫ2.0 mm, lateral 1.5 mm, depth 1.3 mm; and cortex: AP Ϫ.5 mm, lateral 1.5 mm, depth 1.0 mm) were determined as per the Franklin and Paxinos (1997) atlas. The lentiviral vectors were delivered using a Hamilton syringe connected to a hydraulic system to inject the solution at a rate of 1 l every 2 min. To allow diffusion of the solution into the brain tissue, the needle was left for an additional 5 min after the completion of the injection. Mice received unilateral injections (right side) to allow comparisons against the contralateral side, with either LV-Beclin 1 (n ϭ 12), or LV-control (n ϭ 6). Additional controls were performed by injecting nontransgenic littermates with either LV-Beclin 1 (n ϭ 6), or LV-control (n ϭ 6). Mice survived for 3 months after the lentiviral injection. As an additional control for LV injection, age matched littermates were injected with LVluciferase. Since no differences were observed between the LV-control and the LV-luciferase all data presented in this paper are shown with the LV-control vector. Following NIH guidelines for the humane treatment of animals, mice were anesthetized with chloral hydrate and flushperfused transcardially with 0.9% saline.
Brains and peripheral tissues were removed and divided sagittally. The right hemibrain was postfixed in phosphate-buffered 4% PFA, pH 7.4, at 4°C for 48 h for neuropathological analysis, while the left hemibrain was snapfrozen and stored at Ϫ70°C for subsequent RNA and protein analysis.
Immunocytochemical and neuropathological analyses. Analysis of ␣-synuclein accumulation was performed in serially sectioned, freefloating, blind-coded vibratome sections from tg and non-tg mice treated with LV-Beclin 1 and control vectors (Masliah et al., 2000) . Sections were incubated overnight at 4°C with an anti-␣-synuclein antibody (affinity-purified rabbit polyclonal, Millipore Bioscience Research Reagents) (Masliah et al., 2000) , followed by biotinylated goat anti-rabbit IgG (Vector Laboratories), Avidin D-HRP (1:200, ABC Elite, Vector), and detection with the Tyramide Signal AmplificationDirect (Red) system (NEN Life Sciences) to determine the number of h␣-synuclein-immunoreactive inclusions. For each case, three sections were analyzed by the dissector method using the Stereo-Investigator System (MBF Bioscience), and the results were averaged and expressed as numbers per cubic millimeter.
To determine efficiency of transduction, double-labeling experiments with beclin 1 and the neuronal marker NeuN (Millipore Bioscience Research Reagents) were performed, as previously described . To determine the colocalization between ␣-synuclein immunolabeled neurons and beclin 1, 40-m-thick vibratome sections were immunolabeled with the rabbit polyclonal antibodies against ␣-synuclein (affinity-purified rabbit polyclonal, Millipore Bioscience Research Reagents) (Masliah et al., 2000) and beclin 1 (Novus). The ␣-synimmunoreactive structures were detected with the Tyramide Signal Amplification-Direct (Red) system (NEN Life Sciences), while beclin 1 was detected with the goat anti-rabbit fluorescein isothiocyanate (FITC) antibody (Vector Laboratories). This system allows the simultaneous detection of signals from antibodies from the same species.
To determine whether beclin 1 gene transfer ameliorated the neurodegenerative alterations associated with the expression of ␣-syn, briefly as previously described (Rockenstein et al., 2005a,b) , blind-coded, 40-m-thick vibratome sections from mouse brains fixed in 4% paraformaldehyde were immunolabeled with the mouse monoclonal antibodies against synaptophysin (synaptic marker, Millipore Bioscience Research Reagents), microtubule-associated protein-2 (MAP2, dendritic marker, Millipore Bioscience Research Reagents), or glial fibrillary acidic protein (GFAP, astroglial marker, Millipore Bioscience Research Reagents) (Mucke et al., 1995) . After overnight incubation with the primary antibodies, sections were incubated with FITC-conjugated horse anti-mouse IgG secondary antibody (Vector Laboratories), transferred to SuperFrost slides (Fisher Scientific), and mounted under glass coverslips with antifading media (Vector Laboratories). All sections were processed under the same standardized conditions. The immunolabeled blind-coded sections were serially imaged with the LSCM and analyzed with the Image 1.43 program (NIH), as previously described (Toggas et al., 1994; Mucke et al., 1995) . For each mouse, a total of three sections were analyzed, and for each section, four fields in the frontal cortex and hippocampus were examined. For synaptophysin and MAP2, results were expressed as percentage area of the neuropil occupied by immunoreactive terminals and dendrites.
All sections were processed simultaneously under the same conditions and experiments were performed twice to assess the reproducibility of results. Sections were imaged with a Zeiss 63ϫ (numerical aperture 1.4) objective on an Axiovert 35 microscope (Zeiss) with an attached MRC1024 LSCM system (Bio-Rad) (Masliah et al., 2000) .
Electron microscopy. Briefly, B103 neuronal cells were plated in 35 mm dishes with a coverslip in the bottom and infected with LVs. After 48 h, cells were fixed in 2% paraformaldehyde and 1% glutaraldehyde, then fixed in osmium tetroxide and embedded in epon Araldite. Blocks with the cells were detached from the coverslips and mounted for sectioning with an ultramicrotome (Leica). Similarly, sections from the ␣-syn tg mice treated with the LV-Beclin 1 or LV-control were fixed, embedded, and sectioned with the ultramicrotome. Grids were analyzed with a Zeiss OM 10 electron microscope as previously described . To analyze the relative changes in average numbers of autophagic vesicles (AVs) following LV-␣-syn and/or LV-Beclin 1 infections, a total of 25 cells were analyzed per condition. Cells were randomly acquired from three grids, and electron micrographs were acquired at a magnification of 25,000ϫ.
Statistical analysis. All experiments were done blind coded and in triplicate. Values in the figures are expressed as means Ϯ SEM. To determine the statistical significance, values were compared by using the one-way ANOVA with post hoc Dunnett's test when comparing the LV-␣-syn and Beclin 1 to LV-control. Additional comparisons were done using TukeyKramer or Fisher post hoc tests. The differences were considered to be significant if p values were Ͻ0.05.
Results
Overexpression of ␣-syn in a neuronal cell line recapitulates ␣-syn accumulation and autophagy alterations To investigate the effects of beclin 1 delivery in ␣-syn related pathology, we first established an in vitro model system in which ␣-syn was overexpressed in the B103 neuronal cells line by infection with a lentivirus expressing the wild-type ␣-syn (LV-␣-syn) (Fig. 1) . The B103 neuronal cell line was derived from a rat neuroblastoma and shares many typical neuronal properties with other commonly used neuronal cell lines, including outgrowth of neurites upon differentiation, synthesis of neurotransmitters, possession of neurotransmitter receptors, and electrical excitability of surface membranes (Schubert et al., 1974) . Compared with LV-control (Fig. 1 A) , overexpression of ␣-syn resulted in extensive protein accumulation that was observed primarily in cytoplasmic granular structures as well as in punctate structures located along the neuronal processes (Fig. 1 B) . In contrast, B103 cells infected with LV-GFP (Fig. 1C) virus or LV-␤-syn (Fig. 1 D) exhibited a diffuse cytoplasmic labeling. Moreover, this experiment confirmed that with the LV system, Ͼ95% of the cells were infected. The LV-control used in this and all subsequent experiments is the identical lentivirus backbone including the CMV promoter (Fig. 1 A) . The LV-control vector was used instead of the LV-GFP vector because GFP overexpression is known to increase reactive oxygen species in the cell and lead to abnormal DNA methylation (Liu et al., 1999; Hong et al., 2001 ). The LV-␤-syn was also used as a control for protein overexpression. Consistent with the immunocytochemical analysis, Western blot studies with total cell lysates showed overexpression of wildtype ␣-syn or ␤-syn. In these lysates, phosphorylated ␣-syn, beclin 1, LAMP2, and cathepsin D were also detectable (Fig. 1E) .
To further investigate whether the ␣-syn aggregates (Fig. 2 A) observed in neuronal cells infected with LV-␣-syn might be associated with lysosomes and represent alterations in the autophagy pathway, double-immunolabeling and electron microscopic studies were performed. Ultrastructural analysis showed that the alterations in neuronal cells infected with the LV-␣-syn corresponded to electrodense aggregates surrounded by single and double membranes (Fig. 2B,C) . This material was localized to enlarged vesicles that appeared to be atypical autophagic vesicles. Quantitative analysis of the electron micrographs showed significantly more double-membrane, enlarged vesicles in those neurons that overexpressed the wild-type ␣-syn compared with LVcontrol and LV-␤-syn (Fig. 2 D, E) . Consistent with the ultrastructural analysis, double-labeling studies showed that the ␣-syn aggregates colocalized with lysosomal/autophagy markers such as cathepsin D and LC3 (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), indicating localization to the lysosome. To confirm whether the neuronal cells were collecting aggregated ␣-syn, total cell lysates were examined by Western blot and probed with a ␣-syn antibody that recognizes oligomeric species of ␣-syn. Increased accumulation of oligomeric ␣-syn was observed in the 60 -80 kDa range in cells infected with the LV-␣-syn wt (Fig. 2 F) . Quantification of these bands indicated a 10-fold increase in oligomeric ␣-syn compared with cells infected with the LV-control virus.
Autophagy is a major mechanism of clearance of accumulated proteins in the CNS (Williams et al., 2006) . We examined whether autophagy was disrupted in the neuronal cell cultures that overexpressed ␣-syn. B103 cells that had been infected with either the LV-␣-syn or the LVcontrol vector were coinfected with a lentivirus expressing the LC3-GFP fusion protein. LC3 activation is a marker of autophagy, and in the activated state, will form punctate structures within the cytoplasm that correspond to autophagic vesicles. With this method, we detected two populations of these vesicles, punctate of normal characteristics usually ϳ1 m or less in diameter and enlarged structures Ͼ1 m in diameter. Under baseline conditions, levels of LC3-GFP punctate formation (Ͻ1 m in diameter) were low in the LV-control (Fig. 3 A, G) , with a slight upregulation in the neuronal cells infected with LV-␣-syn (Fig.  3 D, G) . However, upon serum starvation (conditions that nor- mally activate the autophagy pathway) neuronal cells infected with the LVcontrol (Fig. 3B) and LV-␣-syn (Fig. 3E) showed a significant increase in the numbers of LC3-GFP punctate. The increase in the LC3-GFP punctate (Ͻ1 m in diameter) was more prominent in the LVcontrol than in the LV-␣-syn cells (Fig.  3G) , suggesting a disruption in the autophagy response when excess ␣-syn was present. In support of this possibility, compared with LV-control, in the serum starved LV-␣-syn neuronal cells, there were abundant, enlarged LC3-GFP structures Ͼ1 m in diameter (Fig. 3H ) similar to the abnormal autophagic vesicles observed under ultrastructural microscopy. Treatment with rapamycin, an autophagy inducer, resulted in a fivefold increase in LC3-GFP punctate (Ͻ1 m in diameter) in LV-control (Fig. 3C) and LV-␣-syn cells (Fig. 3F ) . The upregulation of LC3-GFP structures Ͼ1 m in diameter was less prominent when the LV-␣-syn neuronal cells were treated with rapamycin (Fig. 3H ). This suggests that accumulation of the ␣-syn protein in the neuronal cells alters the autophagic degradation pathway and that activation of autophagy with rapamycin might ameliorate this problem.
Lentivirus-mediated delivery of beclin 1 reduces ␣-syn accumulation and related autophagy deficits
Since ␣-syn accumulation is associated with alterations in the autophagy pathway in our cell model, and beclin 1 overexpression activates autophagy (Pickford et al., 2008) , then overexpression of beclin 1 might ameliorate these defects and reduce ␣-syn accumulation in neuronal cells. For this purpose, B103 cells were infected with either LV-␣-syn, LV-Beclin 1, or both (Fig. 4) . Immunocytochemical analysis demonstrated that compared with controls (supplemental Fig. 2 A-C, available at www.jneurosci. org as supplemental material) levels of beclin 1 were higher in LV-Beclin 1-infected cells (supplemental Fig. 2 D-F , available at www.jneurosci.org as supplemental material). Double labeling studies confirmed that beclin 1 and ␣-syn immunoreactivity colocalized in Ͼ90% of the neurons infected with both LVs (supplemental Fig. 2 J-L, available at www.jneurosci.org as supplemental material). Consistent with the immunocytochemical analysis, Western blot confirmed the expression of beclin 1 and ␣-syn in the LV-infected neuronal cell line (Fig. 4 A, B) . Wild-type ␣-syn was reduced ϳ50% when beclin 1 was coexpressed ( Fig. 4 A, B) . In addition, a reduction in the phosphorylated ␣-syn was observed in those neuronal cells coinfected with LV-Beclin 1 (Fig. 4 A) . The reduction in ␣-syn protein was not due to a reduction in mRNA as real-time analysis confirmed no difference in expression levels of ␣-syn in the presence or absence of LV-Beclin 1 infection (Fig. 4C ). Immunocytochemical analysis confirmed that compared with controls (Fig. 4 D-F,H ), in neuronal cells coinfected with LV-Beclin 1 and LV-␣-syn, there was a significant reduction in ␣-syn accumulation (Fig. 4G,H ) . Similar experiments with LV-␤-synuclein and LV-Beclin 1 showed no reduction in levels of ␤-synuclein, indicating that beclin 1 expression specifically reduced the accumulated levels of ␣-syn (data not shown).
We have previously shown that in stably transfected B103 neuronal cells, ␣-syn overexpression results in decreased adhesion, neurite outgrowth (Takenouchi et al., 2001) , and alterations in the tubulin cytoskeleton (Kawahara et al., 2008) . To determine whether coexpression of beclin 1 could reverse these deficits, the levels of tubulin III immunoreactivity and neurite outgrowth were determined. While in neuronal cells infected with LV-␣-syn there was a 50% reduction in tubulin III levels (Fig. 4 I) and neurite length (Fig. 4 J) compared with LV-control, in cells coinfected with LV-Beclin 1, levels were nearly identical to control neuronal B103 cells (Fig. 4 I, J ) , indicating that reducing the accumulation of ␣-syn with LV-Beclin 1 had functional beneficial effects.
To determine whether overexpression of beclin 1 would affect cell survival or growth, we analyzed the cells with the LDH, TUNEL, and cleaved caspase-3 assays. We did not observe a significant difference in cell survival following infection with the LV-Beclin 1 (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), indicating that beclin 1 overexpression does not appear to have any detrimental effects. Moreover, in our system, overexpression of ␣-syn was not accompanied by an increase in markers of cell death (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material) but rather by alterations in neurite plasticity (Fig. 4) .
Beclin 1 is essential for the initial steps of autophagy (Furuya et al., 2005; Takacs-Vellai et al., 2005; Erlich et al., 2006; HamacherBrady et al., 2006) , so to determine whether the reductions in ␣-syn accumulation were associated with activation of the autophagy pathway in cells infected with LV-Beclin 1, we coinfected cells with a lentivirus expressing LC3 fused to GFP. Expression of ␣-syn and LC3-GFP in the neuronal cells resulted in increased punctate staining of the ␣-syn protein as we had previously observed and LC3-GFP in the cytoplasm (Fig. 5 A, E) . Addition of the LV-Beclin 1 increased the punctate of LC3 and resulted in considerable colocalization of LC3 and ␣-syn (Fig. 5 A, E) . Image analysis of the LC3-GFP showed a fourfold increase in LC3 granules or punctate structures only when beclin 1 was coexpressed, indicating that delivery of the LV-Beclin 1 promoted autophagy even in cells coexpressing ␣-syn (Fig. 5E ). This increase in autophagy promoted by LV-Beclin 1 was accompanied by a reduction in the accumulation of ␣-syn (Fig. 5E) . Consistent with the confocal imaging, immunoblot analysis for LC3 showed a moderate increase in LC3-II or activated LC3 protein in those neuronal cultures that received LV-␣-syn alone and a prominent increase in those cells expressing both LV-␣-syn and LV-Beclin 1 (Fig. 6 A, D) . This was accompanied by decreased levels of ␣-syn by confocal microscopy (Fig. 5 A, E) and by immunoblot (Fig. 6 A, G) .
Although overexpression of beclin 1 appeared to induce autophagy, to show that beclin 1 was directly responsible for the increased autophagy, we used three different autophagy modulators in the context of beclin 1 overexpression. The autophagy inhibitor, 3-MA, which acts to block PI3-kinase, significantly reduced the numbers of LC3-GFP puncta (Fig. 5 B, F ) and the formation of LC3-II by immunoblot (Fig. 6 A, D) and thus resulted in increased accumulation of ␣-syn (Figs. 5 B, F, 6A, G) . Moreover, addition of 3-MA partially blocked the effects of LV-Beclin 1 at inducing the formation of LC3-GFP puncta by confocal mi- croscopy (Fig. 5 B, F ) and LC3 II by immunoblot in control and cells expressing ␣-syn and beclin 1 (Fig. 6 A, D) . Consistent with these findings, 3-MA interfered with the effects of LV-Beclin 1 at reducing the accumulation of ␣-syn by confocal microscopy (Fig. 5 B, F ) and by immunoblot (Fig. 6 A, G) .
Next we tested the effects of the autophagy inhibitor bafilomycin A1, which acts by blocking the fusion of the autophagosome and the lysosome. As expected, this compound increased the formation of LC3-GFP grains by confocal microscopy (Fig. 5C,G) and LC3 II by immunoblot in control cells and in cells expressing ␣-syn and beclin 1 (Fig. 6 B, E) . Treatment with bafilomycin A1 interfered with the effects of LV-Beclin 1, resulting in greater accumulation of ␣-syn by confocal microscopy (Fig. 5C ,G) and immunoblot ( Fig. 6 B, H ) .
In contrast, the addition of rapamycin, an activator of autophagy, increased the formation of LC3-GFP grains by confocal microscopy (Fig. 5 D, H ) and LC3 II by immunoblot in controls and cells expressing ␣-syn and beclin 1 (Fig. 6C,F ) . Treatment with rapamycin resulted in considerable clearance of ␣-syn-immunoreactive aggregates by confocal microscopy (Fig. 5D,H) and immunoblot (Fig. 6C,I ). The clearance of ␣-syn was further enhanced in neuronal cells infected with LVBeclin 1 (Figs. 5D,H, 6C,I ).
Double-immunolabeling studies confirmed that neuronal cells expressing beclin 1 and ␣-syn showed increased colocalization with the lysosomal membrane marker LAMP2 (supplemental Fig. 4 A-C, available at www.jneurosci.org as supplemental material). Examination of other autophagy/lysosomal markers such as Atg5 (supplemental Fig. 4 D-F , available at www. jneurosci.org as supplemental material), Atg7 (supplemental Fig.  4G -I, available at www.jneurosci.org as supplemental material), and cathepsin D (supplemental Fig. 4 J-L, available at www. jneurosci.org as supplemental material) showed similar colocalization of ␣-syn when beclin 1 was expressed.
Lentivirus delivery of beclin 1 rescues ␣-syn accumulation and neuronal deficits in tg mice
Overexpression of beclin 1 from the lentivirus reduced the accumulation of ␣-syn and related deficits in neurite outgrowth in B103 neuronal cells by inducing the autophagy pathway. To determine whether this might prove to be a viable possibility in vivo, we delivered the beclin 1 lentivirus via stereotaxic injection to the temporal cortex and hippocampus of transgenic mice overexpressing the ␣-syn under the regulatory control of the PDGF-␤ promoter (line D) (Masliah et al., 2000) . This line of mice was selected because they develop neuronal accumulation of ␣-syn in the limbic system associated with behavioral deficits and have lysosomal defects (Rockenstein et al., 2005b) .
Compared with the LV-control (Fig. 7 A, B) , delivery of LV-Beclin 1 resulted in increased expression in beclin 1 in pyramidal neurons in the hippocampus and in areas adjacent to the injection track in the neocortex (Fig. 7C,D) . Beclin 1 immunostaining was localized primarily to the neuronal perykaria with some extension to the apical dendrites (Fig. 7D) . Consistent with the immunocytochemistry, immunoblot analysis with tissues micro-dissected from the site of the injection confirmed that beclin 1 levels were increased by 75% in mice that received the LV-Beclin 1 injections compared with LV-control (Fig. 7E ). Mice injected with the LV-control virus contained abundant intracellular aggregates of ␣-syn (Fig. 7F-H ) , in contrast, following LVBeclin 1 injection, there was a considerable reduction in the intraneuronal ␣-syn accumulation; which was now localized to smaller, punctate structures, suggestive of lysosome or autophagic vesicles (Fig. 7I-K ) . Double-immunocytochemical analysis confirmed that in ␣-syn tg mice that received the LV-Beclin 1 injections, ␣-syn and beclin 1 were colocalized in discrete perinuclear, granular structures (Fig. 7L-N ) .
Analysis of the levels of ␣-syn immunoreactivity by confocal microscopy showed a 60% reduction in the ␣-syn in tg mice that had received the LV-Beclin 1 compared with the LV-control (Fig.  8 A-D) . In association with the reduction in ␣-syn accumulation, immunolabeling for the presynaptic marker protein synaptophysin showed an increase in the area covered by immunoreactive presynaptic terminals of ␣-syn tg mice that received the LVBeclin 1 injections compared with the LV-control (Fig. 8 E-H ) . Similarly, analysis of the postsynaptic marker MAP2 showed an increase in the percentage area of the neuropil covered by dendrites in mice that received the LV-Beclin 1 virus (Fig. 8 I-L) supporting the possibility that the reduction of ␣-syn accumulation in the LV-Beclin 1-treated animals ameliorated the struc- tural damage to neurons of ␣-syn tg mice. Importantly, no significant deleterious effects on neuronal or synaptodendritic content were observed in non-tg mice that received injections with LV-Beclin 1 (Fig. 8 H, L) . To investigate the effects of LVBeclin 1 in activating autophagy, sections were analyzed by immunocytochemistry with an antibody against LC3 (Fig. 8 M) . This analysis showed that compared with mice injected with the LV-control, mice that received LV-Beclin 1 displayed increased levels of LC3 immunoreactivity (Fig. 8 N-P) . In the ␣-syn tg mice injected with LV-control there was a moderate increase in LC3 immunoreactivity compared with non-tg controls.
To further confirm these effects, ultrastructural analysis was performed. Compared with non-tg controls (supplemental Fig.  5 A, B , available at www.jneurosci.org as supplemental material), in the ␣-syn tg mice there was extensive cytoplasmic accumulation of electrodense deposits that was associated with single-and double-membrane vesicles (supplemental Fig. 5C ,D, available at www.jneurosci.org as supplemental material), consistent with the alterations in autophagy. In contrast, in the ␣-syn tg mice that received the LV-Beclin 1 injections, there was a considerable reduction in the intraneuronal accumulation of electrodense material (supplemental Fig. 5 E, F , available at www.jneurosci.org as supplemental material). In addition, normal-looking autophagosomes and multivesicular bodies were identified. Consistent with these effects, confocal microscopy analysis of ␣-syn tg mice that received LV-Beclin 1 showed extensive ␣-syn colocalization with LC3 granular structures (supplemental Fig. 5G-I , available at www. jneurosci.org as supplemental material). Together, these data suggest that delivery of LV-Beclin 1 to the ␣-syn tg mice reduced the accumulation of ␣-syn and related neuronal pathology by inducing a physiological autophagic response.
Discussion
The present study showed that in a neuronal cell line and in a transgenic mouse model of LBD, lentivirus-mediated overexpression of beclin 1 reduced the abnormal accumulation of ␣-syn and related neuronal pathology by inducing autophagy. In neuronal cultures, ␣-syn aggregates colocalized with lysosomal markers and were associated with alterations in the autophagy pathway that lead to reduced neuronal plasticity. The effect of beclin 1 overexpression was related to the autophagy pathway because blocking with 3-MA or bafilomycin A1 resulted in greater accumulation of ␣-syn, while rapamycin had the opposite effect. Previous studies (Berger et al., 2006; Sarkar et al., 2007) have emphasized the upregulation of autophagy by pharmacological approaches (e.g.: rapamycin), but this is the first study to show a specific gene therapy-directed method for upregulation of autophagy as a therapeutic tool for the treatment of accumulated ␣-syn. This approach can be specifically targeted to regions of the brain most affected by accumulation of ␣-syn aggregates.
In agreement with previous studies (Xilouri et al., 2009) , we found that neuronal cells with accumulated ␣-syn showed some increase of LC3 II levels but with impaired lysosomal function. More detailed analysis by confocal microscopy showed that the increased numbers of LC3-GFP autophagic structures were enlarged and irregular. Ultrastructural analysis revealed these electrodense structures to be extremely abnormal. In particular, there were numerous structures with single membranes, and most structures were much larger than normal autophagic vesicles. This coupled with the alterations in LC3-GFP punctate staining suggests that these may be immature autophagic vesicles. This suggests interference with the normal maturation pathway of the autophagic vesicles.
The mechanisms through which accumulation of wild-type ␣-syn might impair macroautophagy in our neuronal cells are not completely clear. However, a previous study using differentiated SH-SY5Y and primary neurons showed that the alterations in macroautophagy in wild-type ␣-syn-expressing cells were at- were taken with a 40ϫ objective. E, Immunoblot analysis of brain tissue from the injection site to confirm expression of beclin 1. F-N, Confocal analysis of sections double immunolabeled with antibodies against ␣-syn (red) and beclin 1 (green). F-H, ␣-syn tg mice that were injected with LV-control. I-N, Colocalization of ␣-syn and beclin 1 in discrete granular structures in tg mice injected with LV-Beclin 1. Samples were further stained with DAPI to visualize nuclei (n) (blue). Arrows indicate areas of beclin 1 and ␣-syn colocalization. Scale bar, 5 m.
tributed to the blockage of CMA (Xilouri et al., 2009 ). Moreover, studies have shown that mutant ␣-syn inhibits CMA and triggers increased macroautophagy and lysosomal dysfunction independent of CMA Xilouri et al., 2009) .
A therapeutic approach with rapamycin or beclin 1 might act to reestablish the physiological autophagy pathway. This view is supported by the studies with LC3-GFP, immunoblot with LC3 and ultrastructural studies in the ␣-syn tg mice treated with LV-Beclin 1 where we detected the presence of autophagic vesicles of normal appearance in contrast to ␣-syn tg mice treated with LV-control where abnormal and enlarged autophagic vesicles were observed. This is consistent with recent studies showing that ␣-syn aggregates are cleared via autophagy and that alterations in the lysosomal pathway might participate in the mechanisms of ␣-syn-mediated neurodegeneration (Stefanis et al., 2001; Meredith et al., 2002; Webb et al., 2003; Cuervo et al., 2004; Rideout et al., 2004; Nakajima et al., 2005; Rockenstein et al., 2005b) . Mutant forms of ␣-syn found in familial PD patients have been shown to block autophagy and ␣-syn contains a consensus sequence for CMA targeting . Further supporting a role for autophagy dysfunction in these disorders, recent studies have shown that in lysosomal storage diseases such as Gaucher's disease (Tayebi et al., 2001; Várkonyi et al., 2003) and Niemann-Pick disease (Saito et al., 2004) , there is increased susceptibility to develop parkinsonism and ␣-syn accumulation.
Therefore, activation of the autophagy pathway by pharmacological means or gene transfer might reduce the pathology associated with the neuronal accumulation of ␣-syn aggregates. We have previously shown that beclin 1 is capable of inducing autophagy and reducing the neuropathological alterations in APP tg models of AD (Pickford et al., 2008) . In the present study, we showed that beclin 1 gene transfer is also capable of reducing the accumulation of ␣-syn aggregates and associated neuronal deficits. Delivery of the LV-Beclin 1 virus in the limbic system of ␣-syn tg mice led to improvements in expression of the presynaptic marker synaptophysin and the postsynaptic marker MAP2. The decrease in accumulated ␣-syn was observed in areas of autophagy induction as determined by increases in expression of LC3. Ultrastructural analysis of neurons in the region of LV injection revealed decreased accumulated ␣-syn and increased markers of autophagy. Thus, the delivery of the beclin 1 by the lentivirus appears to reverse the accumulation of ␣-syn probably by increasing activation of the autophagy pathway.
These findings are in agreement with recent studies showing that rapamycin or rapamycin analogs are capable of reducing the accumulation of ␣-syn oligomers via the autophagy pathway (Sarkar et al., 2007) . Treatment of cells with rapamycin, which blocks the mTOR protein activity, results in upregulation of the autophagy pathway (Meijer and Codogno, 2004) . Rapamycin acts by binding to FK506 binding protein 12, which then inhibits phosphorylation of mTor. Moreover, rapamycin treatment has been shown to be protective in animal models of other neurodegenerative disorders such as Huntington's disease (Ravikumar et al., 2004) .
Similar to overexpression of beclin 1, rapamycin ultimately induces autophagy and reduces overall levels of misfolded proteins. However, in addition to inducing autophagy, rapamycin (via mTor) downregulates overall protein synthesis and cell proliferation (Wang and Proud, 2006; King et al., 2008; Wyttenbach et al., 2008) . These undesirable side effects of rapamycin make its use in neurodegenerative diseases involving misfolded proteins problematic. This, coupled with the fact that rapamycin poorly crosses the blood-brain barrier to exert its effect on neurons (Pong and Zaleska, 2003) , makes the identification of alternative autophagy inducers desirable. Gene delivery of beclin 1 might alleviate some of these problems. The lentivirus, or other viral vector, containing the gene for beclin 1 can be delivered to the exact site of ␣-syn accumulation, for instance, the caudate-putamen or substantia nigra in PD or, as in this study, the limbic system in case of LBD.
Although the role of beclin 1 in autophagy and cell maintenance is clear, ample evidence suggests that beclin 1 is required not only for cell viability but also for neuronal function in the face of aggregated proteins. Beclin 1 is a coiled-coil, 60 kDa protein that is analogous to the yeast autophagy protein Apg6 (Liang et al., 1998 (Liang et al., , 1999 . Beclin 1 binds Bcl2 to block apoptosis (Liang et al., 1998 (Liang et al., , 2006 Takacs-Vellai et al., 2005) and functions through its interactions with Vps34 and PI3 kinase to induce autophagy in an mTor-independent pathway (Furuya et al., 2005; TakacsVellai et al., 2005) . Recently identified interacting proteins, UVRAG and Ambra1, also act as regulators of autophagy (Liang et al., 2006; Fimia et al., 2007) . Beclin 1 has been localized in some instances to the Golgi apparatus of the ER and may play a role in sorting proteins for degradation via the autophagy pathway (Furuya et al., 2005; Takacs-Vellai et al., 2005) . Thus, beclin 1 may be playing a role in neurons in PD and LBD in targeting excess ␣-syn to the autophagy pathway thereby reducing the potential for accumulation.
The specific molecular defects in the autophagy pathway leading to PD and LBD are not completely understood yet; however, recent studies have shown that reduced Atg5 or 7 expression in knock out mice results in loss of neurons and accumulation of protein in the remaining neurons (Hara et al., 2006; Komatsu et al., 2006) .
Together, these studies support the view that alterations in the autophagy pathway play an important role in the pathogenesis of disorders with parkinsonism, dementia, and ␣-syn accumulation and that activation of the autophagy pathway might ameliorate the associated deficits. Thus, beclin 1 plays an important role in the intracellular degradation of ␣-syn either directly or indirectly through the autophagy pathway and may present a novel therapeutic target for LBD/PD.
